Electron diffraction and atom location by channeling enhanced microanalysis were used to show that epitaxial PbZr 0.2 Ti 0.8 O 3 films grown on ͑001͒ SrTiO 3 substrates by pulsed laser deposition exhibit long-range order on the tetravalent cation sublattice parallel to the film/substrate interface. This ordering gives two distinct tetravalent cation sites, one Zr lean and one Zr rich, and results in a superlattice with a tetragonal unit cell with lattice parameters a 0 Ϸ ͱ2a PZT and c 0 Ϸ a PZT . Since such ordered states are inherently unstable in homovalent perovskite solutions, it is inferred that the ordering arises in response to the lattice misfit and could constitute an additional relaxation mode. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.3058755͔ Ferroelectric materials have received considerable interest in recent years due to their numerous potential device applications as elements of nonvolatile random access memories, dynamic random access memories, high dielectric constant capacitors, optical waveguides, tunable devices, and pyroelectric detectors. The electrical and electromechanical properties of ferroelectric films may differ significantly from those of the bulk single-crystal form due to the presence of internal stresses.
Ferroelectric materials have received considerable interest in recent years due to their numerous potential device applications as elements of nonvolatile random access memories, dynamic random access memories, high dielectric constant capacitors, optical waveguides, tunable devices, and pyroelectric detectors. The electrical and electromechanical properties of ferroelectric films may differ significantly from those of the bulk single-crystal form due to the presence of internal stresses. 1 Internal stresses arise for several reasons in ferroelectric films including: the lattice mismatch between film and the substrate for epitaxial films, differences between the thermal expansion coefficients of the film and substrate, the self-strain of the ferroelectric phase transformation if the material is grown above the phase transformation temperature, and microstresses due to defects. In order to relieve the internal stresses that develop during film growth and subsequent cooling, complex defect structures are formed including: polydomains, antiphase boundaries, interfacial misfit dislocations, and threading dislocations ͑see, e.g., Ref. 2 and the references therein͒. These complicated microstructures evolve to relieve the internal stresses that develop during film growth and subsequent cooling from the deposition temperature. In this study, we report transmission electron microscopy ͑TEM͒ evidence for long-range cation ordering parallel to the interface plane in epitaxial ͑001͒ PbZr 0.2 Ti 0.8 O 3 ͑PZT͒ films deposited on ͑001͒ single-crystal SrTiO 3 ͑STO͒ substrates by pulsed laser deposition ͑PLD͒. Our results suggest that the ordering occurs in response to the stresses in the film and could, therefore, be considered as an additional relaxation mechanism.
Epitaxial PZT films of~300 nm in thickness were grown by PLD onto Sr-O terminated Crystech ͑001͒ STO substrates using a 248 nm KrF pulsed excimer laser. The growth conditions used were those that have been shown previously to result in high quality epitaxial films with the orientation relationship: ͑001͒ PZT ʈ ͑001͒ STO and ͓100͔ PZT ʈ ͓100͔ STO . 2 Briefly, the substrates were cleaned with methanol and acetone in an ultrasonic cleaner followed by a surface reflectivity check using an optical microscope. The substrates were heated to 600°C and films were deposited from a PZT ceramic target using a pulse repetition rate of 5 Hz and a pulse energy of 600 mJ under an O 2 partial pressure of 100 mTorr. The chamber was then backfilled with O 2 before allowing the films to cool to room temperature at a rate of 5°C / min. For TEM studies, plan-view and cross-sectional specimens were prepared by mechanical prethinning followed by Ar + ion-beam milling to perforation with liquid nitrogen ͑LN 2 ͒ cooling. Plan-view specimens were thinned from the substrate side only with a thin glass cover slip placed over the deposit side during milling to prevent redeposition onto the sample surface. Microstructural observations and microanalysis experiments were performed in a JEOL JEM-2010 FasTEM operating at 200 kV and equipped with an EDAX Phoenix ultrathin-window energy-dispersive x-ray spectrometer ͑EDXS͒.
Examples of the TEM data from these films are shown in Fig. 1 . The bright-field TEM images obtained from the planview and cross-sectional specimens ͓e.g., Figs. 1͑a͒ and 1͑d͒, respectively͔ confirmed that the films are single crystal and that they contain a wide range of microstructural features including embedded a-oriented domains lying on the ͕101͖ planes and very high densities ͑ӷ10 10 cm −2 ͒ of threading dislocations. The character and origins of these features have been discussed in detail elsewhere. [2] [3] [4] [5] Selected area diffraction patterns ͑SADPs͒ obtained with the beam direction B parallel to ͓001͔ in regions of the plan-view specimen with no a-oriented domains ͓e.g., Fig. 1͑b͔͒ exhibited strong 100-and 110-type diffraction maxima as expected for PZT. In these samples, however, the SADPs contained additional weak never in ͑ 2 0-type maxima as observed in patterns from the plan-view samples. Thus, the superlattice structure corresponds to ordering parallel to ͑001͒, i.e., parallel to the interface between the film and the substrate. We note that this ordering was sensitive to the specimen preparation conditions: no superlattice maxima were observed in SADPs from samples ion-milled at higher accelerating voltages or with no LN 2 cooling. Moreover, there was some evidence for local electron-beam-induced disordering as the intensity of the superlattice reflections from a particular sample area decreased with increasing observation time.
In general, superlattice structures can be formed by displacive and/or replacive ordering. For PZT there are several possible ways in which structural ordering could occur including cation polarization with antiparallel ͓110͔ P displacements of the Pb cations, 6 ordering of Zr and Ti on the tetravalent cation sublattice, 7 ordering of oxygen vacancies on the anion sublattice, 8 or coordinated rotations of oxygen octahedra. 9, 10 From the ease with which the superlattice maxima were detected and their persistence in tilting experiments, it was deduced that cation ordering was the most likely explanation for this effect and EDXS-based atom location by channeling enhanced microanalysis ͑ALCHEMI͒ experiments were performed to test this hypothesis. The EDXS data were obtained from regions that contained no a-oriented domains. The samples were first tilted toward the detector to minimize x-ray absorption effects and for each region an EDXS spectrum was acquired at a nonchanneling orientation to verify the overall cation chemistry of the film. Planar ALCHEMI data were then acquired by reorienting the sample to give two-beam conditions for the operative diffraction vector g and then acquiring spectra at positive and negative deviations s from the Bragg condition. A strong channeling effect ͑Ϸ10%͒ was observed in such experiments with the cation compositions measured with s Ͼ 0 for g = 11 a best-fit ordering tie line ͑OTL͒ was constructed passing through the average composition to indicate the sense of the ordering. Since the OTL lies at constant Pb content ͑50 at. %͒, the data confirm the ordering of Ti and Zr on the tetravalent cation sublattice. This ordering would give two distinct sites, one Zr rich and the other Zr lean; in the limit ͑i.e., in the most ordered state possible͒, these sites would have compositions 60% Ti, 40% Zr, and 100% Ti, respectively. These site composition limits are indicated in Fig. 2 by ␣ and ␤, respectively.
The only arrangement of these two tetravalent sites that is consistent with the diffraction data is the one shown in Fig.  3 . Figure 3͑a͒ is a projection along ͓001͔ showing an alternating arrangement of ␣ and ␤ sites in ͑001͒ such that each of the ͑110͒ planes contains all ␣ or all ␤ sites and similarly for ͑110͒. The unit cell for the resulting superlattice structure is shown in Fig. 3͑b͒ : this is tetragonal with lattice parameters a 0 Ϸ ͱ2a PZT and c 0 Ϸ a PZT .
The observation of a previously unreported ordered state is remarkable for a system such as PZT, which has been studied so extensively. Both PbTiO 3 and PbZrO 3 have the prototypical ABO 3 perovskite lattice. PbTiO 3 transforms from a cubic paraelectric to a tetragonal ferroelectric phase at 490°C upon cooling. PbZrO 3 , on the other hand, displays an antiferroelectric phase transformation at around 240°C. PZT compounds ͑PbZr 1−x Ti x O 3 ͒ with x Ͼ 0.5 are ferroelectric with a tetragonal crystal lattice at room temperature, whereas in compounds with x Ͻ 0.5, two variants of a rhombohedral phase may exist. For PZT with x Ϸ 0.5, it has also been proposed a monoclinic phase could form at the socalled morphotropic phase boundary ͑MPB͒, 12 although recent theoretical studies show that this phase might be a mixture of tetragonal and rhombohedral phases instead. 13 It is clear that the phases that form in the PZT system depend critically on the arrangement of the Zr and Ti atoms in the solid solution. Cation ordering, not only in PZT but also in several relaxor ferroelectrics, 14 has been a topic of great scientific and technological interest because these materials have an extremely high piezoelectric response, especially near MPBs. Theoretical results show that the formation of the different phases in the PZT system might be explained via atomic displacements ͑or "ordering"͒ due to electrostatic interactions between ions. 15, 16 However, the positive enthalpy of mixing in the PZT system throughout the entire composition range, 17 the common observation of two phase mixtures near the MPB, 18 and comparative TEM studies of PZT with relaxor ferroelectrics 19 indicate that there is no tendency for chemical ordering of Zr and Ti ions at the B site of the PZT lattice. The apparent contradiction of this conclusion with the experimental observations of chemical order presented here can be reconciled if one considers the possible influence of the substrate on the PZT thin film. There have been several reports of misfit-strain-induced long-range ordering in epitaxial semiconductor thin films ͑e.g., Refs. 20-22͒, whereby the change in the lattice parameter associated with the formation of the ordered state serves to relax partially the misfit between the thin film and substrate. It seems likely that similar effects are responsible for the superlattice structure in the present case since the ordering occurs only parallel to the interface plane, and the deposit disorders readily during TEM sample preparation and/or observation when the constraint of the substrate is removed.
Thus, the formation of the ordered state shown in Fig. 3 may constitute an additional mode of misfit stress relaxation in PZT. While it is difficult to estimate the degree of relaxation that this would provide, we note that this should be more significant where the conventional stress relaxation mechanisms, such as misfit dislocation and polydomain generation, are suppressed. This might apply for ultrathin epitaxial films and/or in films where the eigenstrain of the ferroelectric phase transformation is small. 
